Micro-Raman Spectroscopy of the Hemoglobin Iron-Histidine Bond in Single Erythrocytes  by Hoon Park, Sang et al.
Tuesday, February 28, 2012 465amodulated/enhanced/expanded only through its interactions with heterotropic
effectors: P50 from 1 to >100 mmHg, KR from 10 to 0.005 /mmHg, KT from 0.3
to 0.005 /mmHg, KR/KT from 1 to >500, and DH
þ up to 4.4 Hþ/Hb. Such en-
hanced functionality of Hb of physiological relevance is accomplished through
pH-dependent asymmetric binding of heterotropic effectors to R(oxy)- and
T(deoxy)-quaternary structures of Hb, which cause pH-dependent differential
modulations/reductions of KR and KT, respectively. No changes in high-
resolution static crystallographic T(deoxy)- and R(oxy)-quaternary and tertiary
structures of Hb and their heme environment, as well as the axial coordination
structures of the deoxy-heme (nFe-His = 215 /cm) and the oxy-heme (nFe-O2 =
567/cm) in solution, are observed, despite KT and KR values are changed as
much as 100- and 2,000-folds, respectively. Thus, the assumption that the
low-affinity state is caused by the inter-dimeric salt-bridge-linked constraints,
the out-of-plane shift of the heme Fe, and the allosteric core constraint in the
T(deoxy)-Hb is no longer valid. Although these constraints are completely ab-
sent in R(oxy)-Hb, its O2-affinity is modulated as much as 2,000-folds by its
interaction with heterotropic effectors. The effector-linked modulation of
thermal fluctuation of the protein may be responsible.
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Porphyrins as Detectors of Internal Electric Field in Heme Proteins
Hannah E. Wagie, Bradley M. Moran, Barry J. Prince, Jorg C. Woehl,
Peter Geissinger.
University of Wisconsin - Milwaukee, Milwaukee, WI, USA.
Heme proteins display remarkable specificity in discriminating between di-
atomic ligands that are similar in structure, such as dioxygen, carbon monoxide,
and nitric oxide. However, the factors affecting their ability to accomplish this
are not known with certainty. We are exploring the influence of the internal
electric field produced by the protein matrix on the binding affinities at its
heme active site. Generally, the ‘‘structure determines function’’ paradigm is
employed to formulate a steric mechanism. Here we present a unique ‘‘electro-
static structure’’ approach to this question, using myoglobin as a model protein.
The porphyrin residing at the active site provides a spectroscopic report of the
electrostatic environment. In a first step, the atoms comprising the protein ma-
trix are treated as point charges, and their individual electric field contributions
are calculated using Coulomb’s Law and summed at the heme site. Point mu-
tations surrounding the active site are introduced and the effect on the internal
electric field value is noted. In addition, the fluctuation of the field due to
natural breathing motions of the protein in solution is modeled, posing the pos-
sibility of alternating fields playing a role in ligand discrimination. Experimen-
tally, hole-burning spectroscopy provides a way to extract internal electric field
values. This technique uses the Stark effect which is an application of an exter-
nal electric field perturb the energy of the porphyrin detector. Preliminary re-
sults are determined to be quite significant - on the order of megavolts per
centimeter. Finally, an excited state analysis of our detector porphyrins using
Gaussian09 is presented, including transition dipole moment and state energy
values. These values play an important role in the interpretation of spectro-
scopic data.
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MD Simulations of Plant Hemoglobins: the Hexa- to Penta-Coordinate
Structural Transition
Matteo Ceccarelli1,2, Mariano Andrea Scorciapino1,2.
1University of Cagliari, Cagliari, Italy, 2IOM/CNR Slacs, Cagliari, Italy.
Hemoglobins are ubiquitous proteins found in bacteria, plants, and animals
with diverse functions other than the classical transport/storage of oxygen.
Different functions are expected to correspond to substantially different struc-
tures, such as the hexa- and penta-coordination of the iron atom. It is now
widely believed that pentacoordinate hemoglobins evolved from the hexa-
coordinate ones, both in plants and in animals. Since plant hemoglobins
evolved more recently than in animals, they represent a simpler and thus use-
ful system to investigate protein sequence/structure features that specifically
supported, guided by molecular evolution, the capacity for oxygen transport.
In the present work, we selected a fully hexacoordinate globin, AHb2 from
Arabidopsis thaliana and the pentacoordinate oxygen-transporting LegHb
from yellow lupin, that share a high degree of sequence identity (80%).
With the aim is to identify the structural determinants for oxygen transport
we analyzed the structural/dynamical differences of a hexacoordinate and
a pentacoordinate globin using all-atom molecular dynamics simulations in
the microsecond time scale. Using comparative MD simulations, we were
able to go beyond the simple sequence alignment, pointing out important dif-
ferences between these two hemoglobins especially at the level of the CD re-
gion, whose dynamics was found, in turn, to be strongly correlated with that
of the distal region.2369-Pos Board B139
Impact of the Internal Disulfide Bond on Structural Dynamics in Verte-
brates Hexacoordinate Hemeoglobins
Luisana Astudillo1, Sophie Bernad2, Vale´rie Derrien2, Pierre Sebban2,
Jaroslava Miksovska1.
1Florida International University, Miami, FL, USA, 2University Paris XI,
Orsay, France.
There are two new additions to the vertebrate globins family, neuroglobin and
cytoglobin, which exhibit bis-hystidyl hexacoordination. Mainly expressed in
neurons, neuroglobin (Ngb) has a neuro-protective role under hypoxic-
ischemic insults; whereas cytoglobin (Cygb) expression is no tissue-specific
and this protein was proposed to protect cells against oxidative stress. To un-
derstand the impact of the disulfide bond on structural dynamics in Ngb and
Cygb, we determined kinetics and thermodynamics for CO photo-release and
rebinding to both proteins in the presence and absence of the disulfide bond
(Ngbred and Cygbred). Photoacoustic calorimetry (PAC) data indicate that CO
photo-dissociation from Ngb and Ngbred is monophasic (t<50 ns) leading to
an endothermic enthalpy change (DH~20 kcal mol1) and the volume change
is ~3 times larger for hNgb than hNgbred (DV=4.450.3 mL mol1). Interest-
ingly, biphasic kinetics were observed for CO migration from the heme pocket
of Cygb with t1<50 ns and an additional t2~200 ns at 20
oC. Cygbred produces
monophasic kinetics with t<50 ns suggesting that the disulfide bond strongly
modulates the ligand migration pathway. CO photo-release from Cygb first
leads to a volume expansion (FDV1= 4.25 1.9 mL mol
1) and endothermic
enthalpy change (FDH1= 23.35 9.1 kcal mol
1), followed by a smaller vol-
ume expansion (FDV2= 3.75 1.5 mLmol
1) and exothermic enthalpy change
(FDH2= 11.85 7.0 kcal mol1). Upon disruption of the disulfide bond, CO
photo-dissociation from Cygbred produces a prompt endothermic enthalpy
change (FDH= 6.3 5 0.4 kcal mol1) and a small volume expansion
(FDV= 1.8 5 0.8 mL mol1). These results suggest different mechanisms
of ligand migration among vertebrate hexacoordinate hemoglobins as well as
a larger impact of the disulfide bond on mechanism of ligand migration in
Cygb than in Ngb.
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Cytochrome C6 of Chlamydomonas Reinhardtii - A Heme Protein with
Unusual Properties
Nicole Vanderbush, Brian St Clair, Marilyn Davis, Dan J. Davis.
University of Arkansas, Fayetteville, AR, USA.
Cytochrome c6is a lumenal redox carrier functioning on the oxidizing side of
Photosystrem I in oxygenic photosynthesis. We have constructed a synthetic
gene, expressed, purified, and conducted an initial characterization for the cy-
tochrome c6 from the green alga, Chlamydomonas reinhardtii. The synthetic
gene was constructed by the removal introns and the substitution of codons
for those best suited for expression in E. coli. The gene was incorporated
into a plasmid downstream of the lac operon and a pelA leader sequence, which
facilitates the exportation of the protein to the periplasm. The protein is ex-
pressed by a cotransformation in E. coli with the wild-type plasmid and the
PEC86 plasmid, which contains a set of genes for the covalent attachment of
the heme to the protein and a gene for chloramphenicol resistance. Although
the expressed protein showed many characteristics (UV-visible spectra, redox
potential, etc) typical of c-type cytochromes, it also exhibited some unusual
properties. (i) Although the redox potential was as expected for cytochrome
c6 at pH 7.0, the redox potential did not exhibit a pH dependent transition at
high pH. (ii) The CD spectrum of oxidized cytochrome c6 lacked a negative
peak in the Soret region of the spectrum in contrast to most c-type cytochromes.
(iii) The thermal stability as measured by DSC was significantly higher (Tm =
78 C) than for most c-type cytochromes (Tm = 50-60 C). Possible explanations
for the structural bases for these unusual properties will be discussed.
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Micro-Raman Spectroscopy of the Hemoglobin Iron-Histidine Bond in
Single Erythrocytes
Sang Hoon Park, Silki Arora, Jennifer Mauser, Debopam Chakrabarti,
Alfons Schulte.
University of Central Florida, Orlando, FL, USA.
The iron-histidine vibrational mode probes the crucial iron-protein linkage in
heme proteins, and it has been established as a sensitive structural probe of
the proximal heme pocket from studies of proteins in solution. The cellular en-
vironment can modify the interactions and dynamics from the isolated protein.
We present Raman measurements on individual erythrocytes under physiolog-
ical conditions over the frequency range from 150 to 1700 cm-1. Raman spectra
were excited with the 442 nm line from a He-Cd laser using 2-3 mW power at
the sample. Photodissociation of the ligated hemoglobin is achieved by the
466a Tuesday, February 28, 2012excitation laser beam and monitored by the oxidation state marker bands. We
investigate the pressure dependence of the iron-histidine stretching mode and
compare with results on isolated hemoglobin and myoglobin. A pressure de-
pendent shift suggests a conformational change of the heme environment
with pressure.
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Intradimeric but not Interdimeric Interface Control the Function of
Hemoglobin
Antonio Tsuneshige1, Yusuke Tajiri2, Kenji Kanaori2, Yuki Yashiro1,
Hajime Nishihara1.
1Hosei University, Tokyo, Japan, 2Kyoto Insitute of Technology,
Kyoto, Japan.
Chemical modifications of the sulhydryl groups located at the a1b1 interface in
tetrameric human hemoglobin – a region usually considered inert– altered sig-
nificantly its oxygenation properties: both the affinity for oxygen and coopera-
tive ligation were substantially reduced. Still, these derivatives responded to
allosteric effectors, such as pH and organic phosphates. Electron paramagnetic
resonance of the nitrosyl derivatives showed a hyperfine splitting around g ~ 2
indicating the cleavage of the bond between the a-heme iron and the proximal
histidine, which indicates the presence of a low affinity conformation of hemo-
globin. Compared to native hemoglobin, a reduced dimerization was also con-
firmed by isothermal titration calorimetry.
1H-NMR measurements, on the other hand, showed unexpected results. Both
the O2-ligated and CO-ligated forms of the derivatives exhibited spectra typical
of the R-conformation, i.e., the absence of the typical T-makers around 11 and
14 ppm even in the presence of strong allosteric effectors, whereas the unli-
gated form of this derivative showed the typical T-makers (these signals orig-
inate from specific interdimeric interactions.)
These 1H-NMR results stand diametrically opposed to the measured oxygena-
tion characteristics and are entirely inconsistent with the classical T - R dichot-
omic view that seemed to describe satisfactorily the correlation structure-
function of hemoglobin for decades. The studied derivatives represent a case
in which there is a complete divorce between the 1H-NMR-determined ‘‘struc-
ture’’ and oxygenation characterized ‘‘function’’.
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Two Tyrosyl Radicals Stabilize High Oxidation States in Cytochrome C
Oxidase for Efficient Energy Conservation and Proton Translocation
Denis L. Rousseau1, Michelle A. Yu1, Tsuyoshi Egawa1,
Kyoko Shinzawa-Itoh2, Shinya Yoshikawa2, Victor Guallar3, Syun-Ru Yeh1,
Gary J. Gerfen1.
1Albert Einstein College of Medicine, Bronx, NY, USA, 2University of
Hyogo, Kamigori, Japan, 3Barcelona Supercomputing Center,
Barcelona, Spain.
The reaction of oxidized bovine cytochrome c oxidase (bCcO) with hydrogen
peroxide (H2O2)was studied by electron paramagnetic resonance (EPR) to deter-
mine the properties of radical intermediates. Two distinct radicals with widths of
12 and 46 G are directly observed by X-band EPR in the reaction of bCcO with
H2O2 at pH 6 and pH 8. High-frequency EPR (D-band) provides assignments to
tyrosine for both radicals based on well-resolved g-tensors. The wide radical
(46 G) exhibits g-values similar to a radical generated on L-Tyr by UV-
irradiation and to tyrosyl radicals identified in many other enzyme systems. In
contrast, the g-values of the narrow radical (12 G) deviate from L-Tyr in a trend
akin to the radicals on tyrosines with substitutions at the ortho position. X-band
EPR demonstrates that the two tyrosyls differ in the orientation of their b-meth-
ylene protons. The 12 Gwide radical has minimal hyperfine structure and can be
fit using parameters unique to the post-translationally modified Y244 in bCcO.
The46Gwide radical has extensivehyperfine structure andcanbefitwith param-
eters consistentwithY129.The results are supported bymixed quantummechan-
ics andmolecular mechanics calculations. In addition to providing spectroscopic
evidence of a radical formed on the post-translationally modified tyrosine in
CcO, this study resolves the much debated controversy of whether the wide rad-
ical seen at lowpH in the bovine enzyme is a tyrosine or tryptophan. The possible
role of radical formation and migration in proton translocation is discussed.
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Capturing Insertion and Dynamics of Membrane-Bound Cytochrome
P450 3A4 using a Novel Membrane Mimetic Model
Javier L. Baylon, Emad Tajkhorshid.
University of Illinois at Urbana-Champaign, Urbana, IL, USA.
Cytochrome P450 (CYP) enzymes constitute a large family of enzymes pres-
ent in a wide variety of organisms that are involved in the metabolism of xe-
nobiotics. In humans, CYP3A4 is the most abundant isoform in the liver and is
responsible for the metabolism of a large variety of drugs. CYP enzymes are
anchored in the cellular membrane by a transmembrane alpha helix and by theinsertion of an unknown hydrophobic region from their globular domain into
the lipid bilayer. Despite its high relevance to drug entry and binding, an ex-
perimental membrane-bound structure of CYP3A4 has not been reported to
this date, and only soluble structures are currently available. Molecular dy-
namics (MD) simulations of other soluble CYP structures have suggested
that the presence of the lipid bilayer might initiate important conformational
changes in CYPs, but due to the limited lipid motion in such studies, the nature
of these changes are still largely uncharacterized. In order to study the inter-
action of CYP3A4 with a membrane, we performed MD simulations employ-
ing a highly mobile membrane mimetic (HMMM) model developed by our
group. The HMMM model allows the unbiased association of CYP3A4 with
a phosphatidylcholine (PC) bilayer, providing an all-atom description of this
process for the first time. The enhanced lipid mobility achieved by the
HMMM model allows for a detailed description of the dynamics of
CYP3A4, reveling the mechanism of opening and closing of the tunnels
from the active site upon membrane binding. In particular, it is observed
that the presence of the PC bilayer induces the closing of the access tunnel
going through the BC loop of the globular domain. The resulting
membrane-bound model exhibits an orientation that is in close agreement
with experimental data.
2375-Pos Board B145
Characterization of Binding and Electron Transfer Between Shewanella
Cytochrome C Peroxidase and its Monoheme Electron Donor C5
Katherine E. Frato, Sean J. Elliott.
Boston University, Boston, MA, USA.
Bacterial diheme cytochrome c peroxidases are a critical part of the detoxifica-
tion pathways in the periplasmic space that convert hydrogen peroxide to water.
The turnover of peroxide requires a two-electron reduction, and these reducing
equivalents must be delivered to the peroxidase by soluble electron transfer
proteins. This study focuses on the diheme cytochrome c peroxidase from She-
wanella oneidensis (So CcP). We have shown previously that a monoheme
electron transfer protein from Shewanella oneidensis, So c5, is capable of
both activating and turning over the So CcP protein during in vitro peroxidase
assays. The nature of the protein-protein interface is not known, especially
since two different molecules of So c5 must bind So CcP, either sequentially
or simultaneously, during the catalytic cycle. We postulate that for efficient
in vivo activity, oxidized So CcP should preferentially bind to the reduced
So c5, and the interaction should weaken substantially once the electron has
been transferred. In our current work, we show that charge-reversal amino
acid mutations on the putative protein-protein interface failed to substantially
change the Km for So c5 in peroxidase activity assays. However, surface
charge-reversal mutations did have subtle effects consistent with changes in
the electron transfer pathways as measured by protein film voltammetry. We
further investigated the interaction between So c5 and So CcP using a surface
acoustic wave binding method. Binding between So CcP and So c5 is very
weak, with observed dissociation constants around 20 mM, and the interaction
can be modulated by surface charge-reversal mutations. However, the rate of
dissociation of oxidized So CcP from oxidized So c5 is surprisingly slow, sug-
gesting our current models of the in vivo catalytic cycle of So CcP may need to
be revisited.
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Pyrazole Cytochrome C Complexes
Alexander Taguchi1, Oleksandr Kokhan2, Colin Wraight1.
1University of Illinois Urbana Champaign, Urbana, IL, USA,
2Argon National Labs, Argon, IL, USA.
Cytochrome (cyt) c is well known to perform cellular functions unrelated to its
role in respiratory electron flow, including signaling in the apoptosis pathway
and peroxidation of lipids. These appear to involve a significant conformational
change that allows access to the heme cleft. We have investigated the possible
facilitation of such changes by small polar molecules that bind to the heme with
displacement of the methionine. Among these, we found pyrazole (Prz) to bind
weakly to ferricytochrome c with a strongly sigmoidal concentration depen-
dence, with a midpoint z750mM and a Hill coefficient of 2.5, as measured
in UV-Vis Spectroscopy at pH 6.5. Stopped-flow experiments show biphasic
kinetics for binding of Prz and cyt c. Tentatively we model this behavior
with a two-step binding reaction where Prz initially binds rapidly but weakly
to displace the methionine ligand, with kfastz 30s
1. The equilibrium is pulled
over by a slower process, with kslowz 0.05s
1, that is poorly understood. The
slow phase contribution is small at pH 6.5, but increases at more alkaline pH.
CW X-band EPR studies suggest the existence of two low-spin Prz-cyt c com-
plexes, with g-values at gx = 1.55, gy = 2.28, gz = 2.83 and gx = 1.60, gy = 2.28,
gz = 2.73, respectively. The ratio of one complex to the other as seen in EPR is
highly dependent upon environment conditions including, but not limited to,
